Transgenic animals and knockout mice have been generated with defined defects in various components of the hypothalamic-pituitary-adrenal axis and the autonomic nervous system. These models provide valuable and novel insights into the development, crosstalk, organization, and functioning of the stress system.
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In recent years, fundamental principles and key cellular and molecular components of the stress system and its two peripheral axes have been discovered, as a result of intensive basic science studies. To understand the integrated functions of this system in vivo, however, this knowledge must be combined with physiologic and clinical insights. Transgenic animals have been and are being used to analyze the regulation and in vivo function of genes. 2 Thus, recent advances that resulted from the generation of transgenic and knockout mice have provided the opportunity to elucidate the physiologic importance of each of the components of the HPA axis and autonomic nervous system. Deletion and/or overexpression of the genes of corticotropin releasing hormone (CRH), the central regulator of the HPA axis and its receptors and binding protein, of the pituitary hormones and their receptors, of the steroid biosynthetic enzymes and regulatory proteins and of the glucocorticoid and mineralocorticoid receptors, have allowed an in vivo dissection of the HPA axis at both central and peripheral levels ( Figure  1 ). Likewise, knockout and overexpression of the genes of catecholamine biosynthetic enzymes, membrane transporters and receptors have helped define their individual in vivo roles, also at the central and peripheral levels.
What can be learned from knocking out or overexpressing genes related to the stress system? The first step is to define the key components and revisit the classic concepts of homeostasis and stress. Before the era of animal transgenesis, the positive/negative feedback regulations of the HPA axis and the autonomic nervous system were established through physiologic in vivo experiments involving often crude surgical interventions, including removal of the hormone-producing glands, destroying brain nuclei or sectioning nerves. Later, isolated, perfused organs, cell cultures and cell lines of the hypothalamus, the pituitary and the adrenal cortex and medulla were used to study and elucidate the mechanisms of hormone synthesis and receptor action. The creation of knockout models has allowed a return to the assessment of in vivo physiology, which has the potential to reveal the integrative roles, pleiotropy and redundancy of each component of the neuroendocrine and neural limbs of the stress system.
Knocking out the genes for CRH and ACTH led to adrenal atrophy and low glucocorticoid levels in mice and to an impaired stress response, which confirmed their known physiologic roles as the main regulators of the HPA axis. 3, 4 In turn, overproduction of CRH led to excess glucocorticoid production, with growth retardation, excess fat accumulation, muscle atrophy and thin skin, similar to the manifestations of Cushing syndrome in humans. 5 As expected, knocking out the gene Figure 1 The stress system. The hypothalmic pituitary-adrenal axis interacts with the autonomic nervous system and the immune system in both directions. Corticotropin-producing pituitary cells are immuno-stained with antibodies to ACTH. The electromicrograph, as highlighted with the magnifier lens, demonstrates a cortisol-producing cortical cell in direct contact with a catecholamine-producing chromaffin cell. • impaired metabolic and proteins and 21OHase 11, 30 • immunological functions. receptors 11␤-HSD-1 31 Deficient function of components of the HPA axis results in: GR-II 32, 39 • high rate of perinatal death, whereas rescued animals GR 6, 40 are viable and apparently healthy, for the glucocorticoid receptor eliminated glucocorticoid action and was not compatible with postnatal life due to insufficient maturation of the fetal lung. 6 On the other hand, deletion or overexpression of the enzyme responsible for the production of epinephrine resulted in no major changes in body weight, plasma glucose, blood pressure or behavior, which confirmed earlier conclusions that deficiency of adrenomedullary epinephrine could be compensated for by systemic norepinephrine (Table 1) .
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Besides confirming what we have known before, what are the new insights that we have gained from these models?
We now have the ability to examine effects on maturation and aging as well as the long-term sequelae of changes in the stress system. There is an astonishing temporal plasticity in the stress system which is seen more in early life and less in adulthood. Thus, while adult life is possible with catecholamine deficiency, catecholamines seem to be essential for fetal and postnatal development, as well as for movement and feeding behaviors. Indeed, depletion of catecholamines in dopamine beta-hydroxylase deficient mice revealed unanticipated retarded growth, an impaired thermoregulatory response, altered locomotive activity and impaired maternal behavior. 8 In contrast, selective ablation of pituitary ACTH production led to adrenocortical insufficiency in older and adult but not in very young animals in whom adrenal function remained basically unchanged (Table 1) . 4 We now also have the ability to define who is talking to whom There are new insights into the interaction between the two stress axes and other related systems, such as the noradrenergic arousal, dopaminergic meso-corticolimbic and immune systems. 1 Definitely, knocking out components of the HPA axis affects the autonomic nervous system. Indeed, CRH-receptor knockout mice exhibit both adrenocortical dysfunction 9 and an atrophied adrenal medulla, 10 while glucocorticoid receptor knockout mice are incapable of epinephrine biosynthesis; 6 the latter because the activity of the enzyme catecholamine methyl transferase is dependent upon the presence of glucocorticoids. Mice deficient in the adrenocortical 21-hydroxylase enzyme have low plasma corticosterone levels but high levels of steroid precursors; in addition to their glucocorticoid deficiency, they have a marked suppression of epinephrine production. 11 It will now be of interest to find out how the previously unsuspected epinephrine deficiency in this common genetic disorder influences the clinical picture of the patients.
In a reciprocal fashion, adrenocortical function is altered in transgenic animals overexpressing phenylethanolamin-N-methyl transferase (PNMT) with increased production of epinephrine or in the tyrosine hydroxylase (TH) knockout mice in parallel with reduced catecholamine production (Bornstein et al, unpublished observation) . 12 These results demonstrate a mutual interdependence of the sympathetic system and the HPA axis at the level of the adrenal gland. Therefore, it will be important to study the function of the adrenal medulla in disorders of the adrenal cortex and vice versa.
Furthermore, animal transgenesis provides evidence for the close interaction between the HPA axis/sympathetic system and the immune system. Transgenic expression of cytokines, such as interleukin-6 and leukemia inhibiting factor (LIF), lead to modulation of HPA and autonomic system function at various levels. Pituitary-specific overexpression of LIF causes Cushing's syndrome, while IL-6 overexpressing transgenic mice have hyperplasia of both the adrenal cortex and medulla and increased plasma corticosterone levels. 13, 14 Interestingly, in the latter model, ACTH levels were decreased suggesting a direct immune-adrenal regulation mediated by IL-6. In contrast, in normal mice the pituitary-adrenal response to local inflammation is mediated largely by hypothalamic CRH and vasopressin. 15 Mice deficient in CRF-R1 are also able to stimulate their pituitary and adrenal glands, apparently bypassing CRH/AVP action; this suggests direct stimulation of pituitary ACTH and adrenal cortisol secretion by inflammatory cytokines. 15 These findings are essential for the understanding of the complex interaction of our stress system and inflammation in critical illness, and may explain the maintenance of high glucocorticoid levels while pituitary ACTH is low in patients with this condition. 16 These findings also explain why aberrant expression of cytokine receptors are present in adrenocortical tissue and may lead to cortisol hypersecretion and Cushing's syndrome. 17 Certainly, several caveats need to be considered when interpreting the insights gained from genetically engineered animals When a mutant gene is present from the time of conception, it may produce manifestations dependent upon whether it has developmentally related roles and upon whether compensatory redundant mechanisms are activated during these times. Also, different effects are expected when the deficit introduced to the animal is generalized or tissue-specific or when it is expressed early or late in life. New advances in creating transgenic models and knockout mice have started to help overcome these limitations; now targeting of transgene expression to specific tissues or time-restricted inactivation or expression of genes, allow differentiation between early vs late or tissue-limited vs generalized acute or chronic pathologic states. 2 The stress system is crucial for the survival of the self and species and has evolved over time to a highly plastic, flexible and interactive biological system that is affected by and influences most functions of an intact organism. Deletion and/or overexpression of genes from within this system demonstrate relative redundancy, but also pervasive permissiveness that influences a large number of vital functions. Thus, these models provide valuable insights into the development, cross-talk, organization and functioning of the stress system.
Recent research has elucidated mechanisms of how early life events and variations in maternal physiology or behavior influence the expression of genes in the physiology and behavior of the progeny over the entire life-span. 18 The knock-out/transgenic models that have specific defects in the stress system will allow us to identify the relative importance of each component in this early programming of the organism's physical and behavioral traits. Future studies based on these findings will hopefully allow the investigation of the mechanisms of stress system plasticity further. We will hopefully find out if we can influence, train or block stress plasticity as a preventive treatment option. Also, some of these mutant animals will be ideal for preclinical protocols of gene therapy strategies and the testing of novel small molecule receptor agonists and antagonists. 
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